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A Multlple-PointThomsonScattering
Measurementfor the ZT-40 Reversed Field Pinoh*

K. B. Freeoe,R. :. :s:::ihRits Gribble,●nd
. .

Los Alamos NationalLaboratory

A multiple-pointThomsonscatteringdevice,capableof givingradialel~ctrontemperature
profiles,has been developedfor the ZT-40reversedfieldpinch experiment. The measurement
is accomplishedby observingthe Thomsonscatteredspeotrum from ●long an entire ohord of
focused ruby-laser light traversingthe ❑inor diameter of’ the plasma. A speoiallybuilt,
nearlydiffractionlimitedlaser is focusedthroughthe plasmausing ● long focal length
lens. The detectoruses speoiallydesignedcollectionopticsto foous the entirescattering
volumeintcan imagediseeotingarray of fiber optics, whioh serve ●s the entrance slit to
an anastigmatic spectrograph. The dispersed spectrafrom ●ll the spatial locations●re
detectedwith a gatedmicrochannelplate image intensifier,
multichannel ●nalyzer

●nd reoorded on an optical
using a SIT tube deteotor. A oomputerinterface18 used for data

transmissionfor ●nalysis. Resultsfrom the ZT-40experimentwill be presented.

Duringthe past 10 yearsthe measurementof plasmaeleetrondensities●nd temperaturesby
Thomson scattering has beoome a relatively$tandardtechniquein MagnetioFusionEnergy
(MFE)researchexperiments. The data obtainadfrcm such meaaurementahave become essential
to the understandingof the physics of plasma confinement by magnetio fields. In
particular,toe cn?clutlonof temperature●nd densitydistributionin the plasma18 required
tc estimate important parameters suoh as the energyconfinementtime for an experiment.
Mos: routineThomsonac tteringmeasurementsprovideda:a ●t only on~ point in the plaama,
at one point ir time.~ Information●bout the ●volutionof temperature●nd densityprofiles
in the plaemahas to be oompiledfrom many repeated meaaurementamade ●t varioua places in
the plasma ●t many differenttimes duringSuooesaiveplasmadiaoharges. The aoouracyof
such compositeprofilesdependson the shot-to-shotreproducibilityof the plasma-producing
device,●nd this 1s often ● problem.

To obtain reliable2temperature ●nd aenaityprofiledata for the ZT-40 reversedfield
pinch (RFP)experiment, we have developeds ayatem to observe, aimultaneoualy,Thomson
scattered aiFnals from many points along the Inoidentlaser beam ●s it paases throughn
diamet~rof the plasmacrossaecti~n. The ●pproaohtaken follows the work first done by
Siemon and laterby Bretz,et al. The methoduaea ● Iow-diverganoe,high-power,Q-aWitched
ruby laser,focusedinto ● long thin aoatteringvolumethroughtha plasma. The scattered
light is colleoted from the ●ntire length of the volume tnd fooused ontc a linear
fiber-opticarray that aiaseotuthe image into many diaoretespatialsegments. The aegmants
are stacl.edformingthe entranaeslit of ● low-~esolution,●naatl~matioapeotrograph. Since
eaoh spatialsegmentis at a different heightin the ●ntranoe●lit, the output image of the
apeotroraph is ● two-dimanaionalintensitypattern deoorlbedby plaaraaposition(spatial
segment7 along the ordinateand wavelength●long the abaoiaaa. This intensity p8ttern is
focused cnto a gated miaroohannal plate intensifier that forma the flratstageof an
intensifiedvidiaon image dititizer. This t~ot!niquaprovideainatantaneouaprofiledata for
eleotrontemperature●nd density in the plasma;time-evolutionof the profiles stillmust be
aompiled from many meaaurementa made ●t different times during
diaoharges.

reproducible plazma

In this paper, we report the design and development of our ●pparatuaand present
preliminaryresultsfrommeasurement.made on the ZT-40 RFP ●xperiment.

Our ayatemwa& dealgnedtc ~mea:yre eleotron temperature between 5 and 500 sV, at
Qlec!trondenelties near 10’ om , Under these conditionsand for a ruby laaer zource
(A B 6g43 A), th@ plasma eleotrons should Boatter the inoident light ●s independent
rad,atcrshavingtotal Thomsonaroaaseation5

.-.—
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E e2/mec2 = 2.82x10-’3cm 18 the clasaioalelectronradius.where r For ● therm;%?iwt.ri-
butlono? electronapeeda~the scatteredlight 18 spreadin wavelength, heving a spec ,’+=%,‘&
that reflects the gaussiandistributionfunotionof the scatteringelectrons. The differ-’-’.~.,,,%
entialnumberof 8 attered photons5 can be expressed as a function of the scattered ‘*.”
wavelength,ka~ as

NIner~LdfJdAsGxp{- (b - ‘1)*) ,
Np(A~) dildA~ =

Ai 6 w~iz Af 6*
(2)

where N1 z numberof tnoidentphotona 6 s [8kT/mc2]1/2sin e~/2
:e s electrondensity k x Bolt!man~soonatant

s claasicaleleett$onradius
~ s lengthof scatteringvolumeobserved

To s electrontemperature

n s observationsolidangle
m 8 electronmass

~il~g a incidentand soatteredwavelengths
c = speed of light
Oa = ●ngle betweenincident●nd scattered

photona.

The numberof photoelectronsproduoedat each channelof ● ❑ultichannelspectraldetector
can be estimatedas,

‘pe “ ‘p nTIAchAAAll , (3)

where Ach ~ mean wavelengthfor eaoh ohannel
n = quantumefficiencyof deteotor
T = spectraltransmissionfunctionof the opticaltrain

AA R spestralwidth of channel
An I observationsolidhngle

Fov the conditions●xpeetedin ZT-40 (ne u 1014em-3, To 9 100eV) ●nd for the parameters
0!’our instrument,

N _ 3.5x1OI9(10 J)
:! : 4~2,a;x10 ~ Om.

n ■ ,06
T a ,01
L81cm
3~ m 90°

we estimatethe numberox’deteotedphotoelectronsin ●ny ohannelto be

( ‘oh - AI)*
Npe s 316 ●xp [-

(196A)* ] ‘
(u)

where wavelentllm have been expreaaed in angstroms.
!

Integratingover ●ll wavelengths
dateoted(A ~ 940 Aj, aaoh spatial segment should produoe ●pproximately 2000 photo-
eleotrons$ This number 1* largeenwgh to givo good atatiotioaif the plasmabackground
radiationdoes not swamp t,hesignal. An ●stimate of the ratioof totcl detea%ed scattered
photona~to the numberof detaotedbremaatrahlungphotons in the same epeotralregioncan be
#iven by

NtB , 4W El r: a? L

G
.—— .—

=%, Vp ‘tJ(709~”lo
(5)



where Ei = energyin incidentlaserbeam
tl = integrationtime for the gated detector(Is-AuallYtI ● PUISe

widthof laser)
Ifp= effectivevolumeof plasmaaeon by deteotor

and r , Al, L, n ●re ●a defined pr VIOUBIY.
= ~00 ns, ●nd Vp = 8 ems,

For expected oonditiona, ne ■ 1014cm-3,
El “ qo J, tI Eq. (5) yields

%
● 750 *

‘brem
(6)

which ik%’,d give ● oomfoMable margin for signal-to-noiseratio. However,bremastrahlung
is only a lowti~-.houndto the intensity~f the backgroundplasma light. In practice, the
backgroundini.ensi?:”is usuallymuch higher,●nd, in the ease of ZT-40,the backgroundlight
in the spectralregiol,-f Interestwas over ● thousandtimesbremaatrahlung.This was due
to the presenceof Impurl..’:ionline radiation.

A schematic diagram of the entif. system is shown in Fig. 1. A low-divergence,
high-powerruby laserbeam is focused to ● ,:ln waist passingthroughthe 40-cm diameter of
the ZT-40 discharge vessel. The scattered.?ght la oollectedfrom every point along the
beam by a speciallydesigned,large-aperture,wide-saqlelens attaohedto one of the 50-mm
diameter, sapphire viewing windows in the side o~ :.heoeramic veaeel, The image of the
scatteringvolumeis focusedonto ●n ●rray of lightguidesthat relay the signalto a simple
grating apeotrograph. A gated detectorintegratvathe resultiagapectrclinformation●nd a
digitaltelevisioncamera●cquiresthe image for further●nalyaia. Eaoh part of the ayst,em
is describedin detailin th~ followingsubsectionsand la summarized lo Table I.

The laser is a Q-awitohed,ruby systemoapableof deliveringa 1O-J,ZO-ns FWHMpulse
having ~ 0.25-mraddivergence●t 19-mm beam diameter. The syst”mwas built on ●n optical
table (NRC) from standardI(oradpartaand oommerciblly●vailableIenaesand mirrors. The
low div~rgenceis achievedby low-ordermode seleotion in the oscillator ●nd subsequent
●mplification.

The oscillator oonaiats of ● 4-inohholographic-qualityruby laaer head in a flat-flat
cavityhaving●n internal converginglens.

+ !n addition,an internal
The ratio of oavity ●n th to lens fosal length

W3s chosen to produoe near-oonfoaal oscillator oonditiona.
apertureis used to further reduoe high-order tranaverae modes. The resultant mode
atruoture of the oscillator beam la a oombinatlon of ‘fEMoo ●nd ‘fEHol~ with TEMO1 beinc the
dominantmode. The beam diameteris ●pproximately3 mm.

Th@ outputfrom the oeoillntoria ●xpanded to 10 mm, ualn$a Fouriertransform telescope
and epatisl filter. The expanded beam ja ●mplifiedthroughtwo 4..inohruby rods and is
expandedagain to 19 mm Using a SimpleOalieantelesoope. The bemm paeaea throughche final
amplifier whioh o$nsiata of 14-inohee of ruby rod (an O-inchplus a 6-inchhead). The
collimatedoutputbeam travele●Fmroximat@lY12 metere before it is fociueedinto the ZT-40
plaamk. The l;aeroperatesreliibly●nd rernainoetsbleover severalmonths.

RhA.Ul~

T$e rejeotionratio for unshifted@tray laaer light for the gratingapeetrograph1s
N 10 , and ●ny Significant stray reflection of the inoident laser beam ●ntering
electrographwould swamp the omall Thomsonscatteringaignalluhioh 1s ●pproxim~tell’
timeeleas inteneethan the inoidentlaoer beam. So oare must be taken LO inm~~r~ Lhat
laser paeaea through the placme without hittina ●ny of the apertureaalonx the
Furthermore,small-angleDoa’tteringoff optloal●lementein the beam peth oreatea benm
whiah must aleo be prohibltodfrom strikingthe interiorof 2T-40wmllo ●nd ref~ectlng
the apeotrograph,To ●ooomplishthla #oal, the beam deliveryoptlos,va>uum windows,
apertures ~nd baffles had to be aarefullydeai~ned. The problemwas mnde more dif~icult
beaausethe wall matel$ialintiide2T-40wae highly-rnfleotivewhite oeramlc and nu viewing
dumps (blaokbnokgroundfor the objeotivesoene)were permittedinmideZT-40.



TABLE 1. ZT-40MULTIPLE-POINTTHOMSONSCATTERINGPERFORMANCESPECIFICATIONS

Ruby Laaer
Totalruby length 60 cm
Outputbeam diameter 19 ❑m
Beam dlvergenoe <0.25mrad
Pulsewidth 30 ns
Energy/pulse -10 J
Foouslens 2 ❑ efl
Focusspot <.5 mm

Hemi-ConoentrioAchromaticObjective
EFL 86 mm
f/# 2.4
Full field 90°
Magnification 2:1

Fiber-OpticImageDieaeotor
Numberof ~lements 36
Eleme -~e 2 mmx4 ❑m

Spectr~,graph
EFL 0.6 m
r/# 6.o
Grating 1800 &/mm holographic
slit 4 mmx72 mm - compoundourve
Resolution●t image -1 mm ❑ax = 8 A
Resolutionwith slit -30 A

DetectorStage
Reductionlens 6:1 120 mm f/1.O
MCP intensifier 18 mm S-201i/P-20(ITT 4111)
Relaylens 1:1 2-50 mm f/O.75
Detector OF!AII SIT tube or ISIT tube
MCP gate 100 ns
Soan Pattern 16 tracks (over32 spatial

elementsX500ohannels/trocks
‘eoan

The entr~noeand exit vacuumwindowsare 2 m and 1 ❑, respectively,from the laser focal
point. They are made fromhighlypoliened,high-purityfused ailioa, mountodat Br wsterts
angle,and beoausethe peak surfaoepowerdensityof the laser is quite high 1(GW/om ), the
windowshave to be kept sorupulouelyolean.

The key elembnta in reduoingstray light●re epeeiallydesignedbafflesand halo dumps
(Fig.2) in both enranc@and ●xit beam ti.bes.The halo dumps●re nested, long oylinders,
concentric to tha beam path. The ends :: the oylinderstowardthe plaamaare razor-edged
●nd all surfaoesare ahlnyblaok {blaokohrome). Their functionis to abaorbvia multiple,
shallow-anglerefleotiona the halo surrounding the beam that entersthe plasmaI ~!on.
Their●ff’ootiveneasia provedby ● raaidual

‘tray \3s:;-31;:::it;e;::~m:!:‘he detector’●quivalentto a Thomsonaoattering eignalfrom● 7mlCl This signalis
eaailymaaked in the epeotrograph,w
from eleotrondensitiesdown to - 10

~$e~m~~ouldpermit measurements of Thomson acatterin~
● The Suooeaeof the entirebeam deliveryeystsm

la ●nhancedby the ●xtremelylow divergenceof the laserbeam.

The designof the optioaltrain,inoludingthe gratingepeotrograph,rctQuired● systems
approeoh made possible by the ●vailabilityof the ACCOS V optioaldesignoode. The f’irst
●lementifTth~ trainwae the wide-angleob~eotlve, It had to oolleotthe soattered eignal
within ● 90 fieldof view at the largeatposeiblesolidangle, By ueins fiberoptics●t
the image surfaae,● highlyourved image field waa permitted, greatly simplifying the
design. Another constraint on the lens was that it had to be as oloae to the sapphire
viewincwindow●s poaaibleto ●void visnettin#●t the ●xtremesof the field. The solution
oho~en was e aemented doublet,hemi-oonoentrioaohromat(Fig.3). The lene was designed
with e piano Frontsur!’aoothat oould optically oontaot the viewing window ●nd provide
maximum●perture, However,einoeno rigidmeohanioaloonneotionawere permitt@dbetweenthe
oeramiotorueand the outsideworld (the Corue was free to move i 1 mm &o ac!ocmmodate
oontr80tion while under vaouum)l the leno had to be mountedOnw:n:;::ing,aPring-tension
supportthat held the lens in optioaloontaotwith the sapphire The fiber-optio

. .
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Fig. 1. A 8chematic diagram8hovingthe
lay6ut of the multiple-point Thom30n
scat~ering measurement apparatus for ZT-4C.
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\ L

Fig. 3. h ray-tracedia~ram of the homi-
concentric achromat objective lens showing
the highly curved image aurf(loe.

imau~diaaactor was oonvanicntly ❑ountod on

Fig. 2. A out-awayview of the halo dump
used to absorb 8tray light that is non-
parallelto the incidentlaser beam.

Fig. 4. The flbar optio imagedissector
that rolaya the ourvgd objaotive image to
the oompound-curved ~ntranoe alit of the
apeotrograph .

tt,is structure also whicn holDed maintain
ali~nmcnt onca proper focus ha~l-boon ostabliahed,

Thg immgo dieeoctor, Dhown in Fig. 4, rolaycd the imago to tho spectrograph slit and
r~ahap~d the aal?oot ratio of tho imagt. The flbor-optic ●l-ay at the image formed by the
objoc:ivo lana oomprim~d 36 bundlo~. ●aah 2-mm wido b. 4-mm high, staokgd ●rid-to-end. Uhen
tntering the spectrograph alit, tho bundloa Wore ata?Ked mide-by-aide. Thus, the
14U-mm~2-mmobjective image wan oonvortod to m 72-mm~4-mm ●ntra!,oo elit. The uae of fiber
optics ●lec pormittod a simpl~ May to roduoo somt of tho abor”ations of the spoct?ograph.
The field curvature of the sptt,trographimag? oould b. Flattened in onc dimension by
stacking the input fibara●ions ~ ourvo oonuavo touard tho grating. The usual
image of

ourved slit
grati,lgop~otrographe oould ht mtr~iahtened by bending tho alit parpandicular to
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the opticialpath. Thue, ● compound-ourvedentrancealit held the fiber bundles in the
aorrect positions to give a fairly flat (one dimension of fieldcurvaturecannotbe
removed)~reotilinlarimage.

This flexiblearrangementpermittedrapid❑edificationof the image presented to the
spectrograph. Some of the spatial-segmentbundleswere ❑oved off the line Imageof the
noatteringvolume,●nd used to measurebackgroundli,ghtfrom Bimllarvolumesadjacentto the
laserpath. The signalsfrom these segmentswere subtractedfrom the adjacentdata channels
to compensatefor backgroundlight.

~!

The spectrographhad a simpleLittrowdesign,employingcommerciallyavailable telescope
lenses ●nd a holographic grating. The spectrographprovidedan 8 A/mm dispersionat the
image. Becauaeour resolutionelementfcr this measurementwaa quite largeat the detector
(- 30 A), the absolute resolutionof the spectrographcould be relativelypoor, havingan
imagespot size of - 1 mm. o

Dete~

The outputImageof the spectrographis approximately72 mm x 72 mm and must be reduced
to fill the photo-cathodeof an 18-mm microchannel plate (MCP)Imageintensifier(ITT 4111).
A commer~iallyavailable,Zeiss R-Biotar (120mm, f/1.0) serves the purpose. The MCP
intensifier providesthe f’irststageof opticalgain and the gated photocatt,odeservesas a
fastoptioalshutter. The ate periodIs - 100 ns. Two KOWA, 50-mm,
the intensified imageat 15$ transmls.ionfrom the MCP tube to the fa;;~;;e ;;n%sO$e;;~
Model 1256detectcrhead. The OMA II (Optical Multichannel Analyzer)
digital, televiaicn system built by Princtcn Applied

iS a versatile,
Research. Theseelements,sh~wn

schematicallyIn Fig. 59 are ❑ounted on a sliding optical.rail assembly that allows
ad~ustment of each elementindividually,and a slidingadjuatmet?tof the entireasaemblyto
achievebeSt facusof the spectrographimage.

Ill

The detectorsystem,which includesthe MCP and OMA II, 1s remotely controlled and
i~terrogatedby the ZT-40 control computer. A ach~matic Is given in Fig, 6. The
integrationof thesevariouscomponentsintoa workingsystemrequireda considerableamount
of circuitdesignand fabrication,

The MCP ahutter operates in 3 ❑odes:a) fast gating (- 100 ns) synchronizedwith th+?
laaerm“litorpulse,b) a longergate pulse of - 10 us uae!fulfor some of the Calibp.sticn

‘$+v’:pn WAUIUTMCTORMCAO

k-- –I,.-—. —

lu;~td~m MM?hk

Fig. 5. The apeotrographimage detector
aesembly,ahcwingthe reductionlens,
microchannelplate intansi~ier,relay
l~nees,and digital TV head,

i r- -- ----l--lf-- -----

“1

1’

1~ smff\ n~(au 1
L-- --- --- --- -

----- ,.. -

Fig. 6. A schematicdiagramcf the computer
oontrol$ystemfor the multiple-point
ThcmsonSoatherlngmeasurementapparatus.
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procedures, and c) a continuously open ~focus~ ❑ode for adjustmentsof the entiresystemin
very suuduedlight.

Sincethe OMA 11 needs to operate :n a continuousscan mode, it requiresthat the ZT-40
bank be firedonly duringthe time w.ndow betweenframea.

It is an intrinsicpropertyof the SIT tube that severalscans must be made to obtainall
the avcilablesignal. The scan pattern oan be variedby the operator. A typicalscan will
generate approximately 8000 16-bit words of data, requiringan 8KX16-bitcapacitymemory
buffer. This is availablein a CAMAC module (notshownin Fig. 6). Not atypioal of the
entire project was the diaooveryand cure of a dasign f’law in the memory buffer,of which
the vendorwaa unaware.

A triple-wallnestedmagnetjcshield (two layers of 18 gauge Mu-metal and an inner wrap
of Conetic foil) protectsthe detectoreleotroniosfrom the - 100 gauss stray fieldsthat
were found to exist in the vicinityof ZT-40during❑achineoperation.

Without the laser, the apparatus functioned as lob-resolution, but
high-sensitivityspectrograph. A systematicstudyof the ~ackgroundspectrarevealed;;;;
the backgroundlightwas dominatedby impurity&tomic spectra. Furthermore, the correlation
between signals from adjacentspatialsegmentswas not consistentshot-to-shotwhich meant
that subtractionof the backgroundsignalawould be difficult. Preliminary identification
of some of the observed spectral lines showedlow-levelionizationof wall Impurities
(oxygen,siliCOn)and wall-embeddedgaases (nitrogen),that suggested that the background
lightmay have come fromwall-plasmaInteraction near the viewingwindow. Later,this idea
was supportedby a post-mortemof the ceramictorusthat showed considerable discoloration
cf the windowsand scorchingof the ceramic walls.

Theseproblemsmade detectionof the Thomson-scatteredsignaldifficult. The sensitivity
of the instrument was calibratedby Rayleighscatteringfrom lcw-pressure(1 to 7 Psi) fills
of nitrogen, The calibrationrevealedthat the backgroundlight was - 4 times largerthan
the expectedThomsonscatteringsignal,or - 3000 timesthe classicalbremsstrahlunglevel.

Figure7 showsthe data fcr fifteentracks (spatialsegments)of plasmabackgroundlight.
Under the intensity surflace spanned by tracknumber●nd wavelength,is drawn a typical
Thomson-scatteredsignalfor one track,to show the relative sizes of the signais.
large background

The
level prevented us from ❑easuring plasma temperature except for

high-density,low-temperatureconditions(see Fig. 8) wherethe signalswere largeenoughto
be measured. Me~surercentof smallersignalsrequiredincreaaedsensitivity,but saturation
of the detectorby the backgroundsignalmade such measurementsimpossible.

The multiple-pointThomsonscatteringmeasurementwas designed,built,and testedon the
ZT-40 reversed field pinch experiment. The ●pparatus performed as expected, but
unexpectedlylarge levelsof impurityradiationfrom plaama-wallinteractionsdominated
measurement, limiting

the
the usefulnessof the deviceto high-density,low-temperatureplasma

measurements,

ZT-40was modifiedto use a metallic(inconel)vaouumvaaaelinsteadof the one made of
ceramic. Preliminaryresultsfrom the new ZT-40M (M for ❑etallic)indicatethat background
lightwI1l be significantly(10 to 100 times) raduaed, allowing us to measure plasma
temperaturesand densitiesundermore interestingand ralevantconditions,i.e., low density
and high temperature,

The autborawouldlike to aakr.owledgethe asaiatanc!eand supportof Richard Siemon who
was in~~rumental in startingthis pr;;;;;,andRicrhardBartchwho supervisedthe designand
constructionof the low-divergence Our appreciation goes to Dick Hicks, Ed
Mignardot, and Di Ortega for ●aaemblyof many partsand aubsyatamaused in the project,and
to the plaamadiagnosticetaff of Princeton Plaama Physics Laboratory for many helpful
discuaaiona,auggeations,●nd designs.
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Fig. 7. A 3-D perspectiveplot of the back-
groundlight intensitypatternobservedfor
one dischargein ZT-40. Masks in the spec-
trographfor A > 6943A and at 6562A 2 50A
(Ha)appearas flat valleysin the plotted
intensitysurface.
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Fig. 8. Analyzed Thomsonscatteringsignals
fop threetypicaltracks (spatialsegment
in the ZT-40 plasma.PlasmadensitylPr-thesedata waa approx!.~ately1.4x1O cm 3.
The temperaturesare inferredby least
squareafittingthe theoreticallypredicted
spectrumto the data,where temperatureIs
one of the fit parameters.
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